chamber. The eruptive sequence, proportions of lava types, phenocryst assemblages, textures, and geochemistry imply that the lavas do not reflect the differentiation of a single parental liquid in a long-lived magma chamber. The distinct geochemical signatures were present prior to magma emplacement in the upper crust, whereupon subsequent degassing and crystallization led to variable phenocryst abundances and assemblages.
INTRODUCTION
The detailed eruptive history of an arc stratovolcano and its surrounding volcanic field over the past 1 m.y., based on 40 Ar/ 39 Ar dates and quantitative estimates of erupted volumes, provides a critically important perspective on several first-order questions bearing on the evolution of arc magmas. First, it constrains the rate at which large stratovolcanoes erupt, as well as the duration of these cone-building events, which bears on the longevity of magma chambers beneath stratocones in the upper crust (e.g., Hildreth and Lanphere, 1994) . Second, it allows the relative proportions of different lava types to be quantified, which when combined with their sequence of eruption, can be used to test time-progressive patterns in magma composition. Third, it allows the scale of magma heterogeneity to be examined. For example, what is the largest volume of homogeneous magma seen to erupt? What is the most commonly observed size range of geochemically distinct lavas? Such information places strict constraints on models of magma differentiation at arcs, especially when combined with detailed petrography of the erupted lavas. Finally, time-volume-composition relationships over a 1 m.y. time period at an arc volcanic field allow larger questions to be addressed concerning the effect of various subduction parameters (e.g., crustal thickness, rate of slab subduction, age of subducted slab, amount of sediment subducted, etc.) on the magnitude, episodic nature, and composition of the volcanic output.
The need to quantify magma eruption rates as a function of these parameters has long been appreciated (e.g., Gill, 1981; Crisp, 1984) . Estimates of erupted volumes at arcs have historically been for entire arcs and often for broad time periods of 5-20 m.y. (e.g., Francis and Rundle, 1976; Erlich et al., 1979; White and McBirney, 1978; Sample and Karig, 1982) . These data are the basis for frequently utilized, global compilations (e.g., Crisp, 1984) . Nonetheless, volumetric estimates made over such long time intervals are compromised by problems of erosion and burial. Since the early 1990's, refinement of K-Ar and 40 Ar/ 39 Ar dating techniques has led to greater constraints on the eruptive histories of volcanic fields at various arcs, as documented by Hildreth and Lanphere (1994) , Singer et al. (1997) , Druitt et al. (1999) , and Hildreth et al. (2003) . These studies have collectively established a high-resolution record of eruptive activity over the past 1 m.y. at individual stratovolcanoes and peripheral vents in the northern Cascades, Chilean Andes, and the Aegean arc.
This study builds on such previous work and provides the most quantitative and precise estimates of eruptive volumes yet published for an arc volcanic field over a comparable temporal and spatial scale. This precision could be achieved because of three features of western Mexico: (1) the lack of glacial erosion, (2) the minor amount of pyroclastic activity, and (3) the availability of digital elevation models (DEMs) and orthophotos with a vertical resolution of 2 m. In addition, the superb access via roads and trails and the absence of a thick, tropical vegetation render the western Mexican arc among the best in the world for accurately mapping eruptive volumes. Our field mapping is strengthened by the use of GIS software that allows digitization of topographic features on orthophotos, which are then combined with high-resolution DEMs to calculate volumes. This approach leads to substantially more accurate and precise volume determinations of erupted magmas than previously possible.
TECTONIC SETTING
The Ceboruco-San Pedro volcanic field is located in Nayarit, Mexico, northwest of Guadalajara (Fig. 1) . It is part of the western Trans-Mexican volcanic belt, a volcanic arc related to the subduction of the Rivera and Cocos plates beneath North America. The 9 Ma Rivera microplate (Klitgord and Mammerickx, 1982) subducts at a fairly steep angle (ϳ50Њ), whereas the older Cocos plate (18-12 Ma) subducts at ϳ30Њ along its border with the Rivera plate and decreases in dip to become nearly subhorizontal to the southeast beneath Mexico City (Pardo and Suarez, 1995) . Seismic data in this region are available to depths of 40 km. If no change in the angle of subduction occurs at greater depths, extrapolation of the slab orientation suggests that the Ceboruco-San Pedro volcanic field is located ϳ200-250 km above the subducting Rivera plate. Kinematic studies based on seafloor magnetic lineations allow reconstructions of relative plate motions and the rate of subduction of the Rivera and Cocos plates. One interpretation of these data is that the Rivera plate is subducting at 1.9 Ϯ 0.3 cm/yr in the west to 3.8 Ϯ 0.4 cm/yr along the RiveraCocos margin (DeMets and Wilson, 1997) . Alternatively, a model with convergence rates of 2.0-3.0 cm/yr in the west to 5.0 cm/yr in the east has also been proposed (Kostoglodov and Bandy, 1995) . Of particular interest to this work is the evidence that subduction of the Rivera plate ceased between 2.6 and 1.0 Ma and then resumed normal convergence at 3.2 cm/yr (DeMets and Traylen, 2000) . Gravity studies suggest a crustal thickness of 35-40 km in western Mexico (Urrutia-Fucugauchi and Flores-Ruiz, 1996) .
The Ceboruco-San Pedro volcanic field is located in the Tepic-Zacoalco graben ( a northwest-trending segment of the Cenozoic triple graben system centered near Guadalajara (Luhr et al., 1985) . This part of the graben system is dominated volumetrically by five andesitic-dacitic stratocones (Յ60 km 3 ) and two peralkaline rhyolitic centers (Յ40 km 3 ), which are accompanied by numerous subordinate cinder cones of oceanic-island basalt (OIB) affinity aligned parallel to traces of normal faults (Allan et al., 1991) . The northtrending Colima graben contains only one central volcano, the Colima-Nevado complex, but the volume of lava erupted, estimated at ϳ450 km 3 (Luhr and Carmichael, 1980) , is an order of magnitude greater than that for the stratocones in the Tepic-Zacoalco graben. The Tepic-Zacoalco and Colima grabens, along with the Middle America Trench, outline a crustal segment referred to as the Jalisco block (Luhr and Carmichael, 1981) .
THE CEBORUCO-SAN PEDRO VOLCANIC FIELD
The landscape of the Ceboruco-San Pedro volcanic field can be visualized from DEMs (Figs. 2 and 3). It is dominated by Volcán Ceboruco (Fig. 2) , a Quaternary stratocone of andesite and dacite first described by Thorpe and Francis (1975) and later in more detail by Nelson (1980) . The summit of present-day Volcán Ceboruco is at 2200 m and features two nested concentric calderas, resulting from a Plinian eruption ϳ1000 yr ago and the subsequent collapse of an interior dome (Nelson, 1980) . The precaldera edifice is andesitic; its flank lavas range from andesite to rare rhyolite (Fig.  3) . The Plinian eruption of rhyodacite, studied in detail by Gardner and Tait (2000) , is characterized by the white Jala pumice and the Marquesado pyroclastic flow, estimated to have a volume equivalent to 3-4 km 3 of magma. The postcaldera flows are andesite and dacite; the most recent is the historic 1870 dacite flow (Nelson, 1980) . Peripheral to the central stratocone of Volcán Ceboruco, more than 70 volcanic vents have been identified within this volcanic field, which covers ϳ1600 km 2 . The area has 16 monogenetic cinder cones, 13 of which lie on a northwest trend consistent with regional faulting and adjacent to the flanks of Volcán Ceboruco (Fig. 3 ). In addition, over 20 andesite and dacite lava domes have erupted peripherally to the west of Volcán Ceboruco (Fig. 2) . The largest of these domes, San Pedro, is dacitic. Volcán Tepetiltic, another andesitic stratocone with explosive activity, lies 15 km to the north of San Pedro (Fig. 2) . Several outcrops of rhyolitic pumice-bearing de- Nelson [1980] and refined by this study). Eleven of the cinder cones in the volcanic field are also delineated along the northwest-southeast lineament, which also runs beneath Volcán Ceboruco and is consistent with regional faulting. Also note the elevated topography surrounding Volcán Ceboruco, which represents a thick sequence of silicic ash flows.
posits from Tepetiltic are found in the area around San Pedro. In addition to the cinder cones and lava domes, there are several lowlying basaltic andesite lava flows. A series of these flows are southwest of and adjacent to San Pedro and form a shield volcano, Amado Nervo. Other basaltic andesite flows appear to be fissure-fed. The northeastern and southeastern parts of the Ceboruco-San Pedro volcanic field are characterized by thick sequences (up to 500 m) of Tertiary rhyolitic ash-flow tuff.
Previous studies in the Ceboruco-San Pedro region yielded 6 K-Ar dates used to address stratigraphic relationships and magma genesis (Petrone et al., 2001 ) and 15 K-Ar dates obtained by the Instituto Mexicano del Petroleo and cited in a compilation study (Ferrari et al., 2000) . Isotopic and trace element data were obtained by Petrone et al. (2002) to study the coexistence of magmas traditionally associated with subduction and those with OIB-like or intraplate chemical signatures. In addition, there have been a series of shallow (Ͻ400 m) and deep (1500-2800 m) geothermal wells drilled by Gerencia de Pryoyectos Geotermoelectricos, Comision Federal de Electricidad (C.F.E.). However, only two of the stratigraphic logs of the deep wells, CB1 and CB2, have been published (Ferrari et al., 2000) .
GEOCHEMISTRY AND PETROGRAPHY
Fifty-seven samples from the CeborucoSan Pedro region were analyzed for major elements by the inductively coupled plasma (ICP) method, whereas the trace and rare earth elements were analyzed by ICP mass spectrometry (ICP-MS) at Activation Laboratories of Ancaster, Ontario, Canada. Only two of these trace elements (Zr and La) are reported in this study (Table 1) . Those lavas 1 Ma in age or younger (44 of 57) are divided into four compositional groups, on the basis of silica content: (1) basaltic andesites with 52-58 wt% SiO 2 ; (2) andesites with 58-64 wt% SiO 2 ; (3) dacites with 64-70 wt% SiO 2 ; and (4) rhyolites with Ͼ70 wt% SiO 2 (Table 1) . If the sample had a loss on ignition (LOI) Ͼ1.0 wt%, the silica content was renormalized to classify the sample. Point counts (Ͼ1500 ; Table 1 ) on all samples 1 Ma in age or younger allow representative modal abundances and the volume percentage of phenocrysts to be calculated. Mineral grains Ͼ0.3 mm are classified as phenocrysts, those between 0.03 and 0.3 mm are classified as microphenocrysts, and crystals Ͻ0.03 mm are called groundmass.
Thirteen of the samples yield ages older than 1 Ma. They include eight rhyolites (Ͼ70 wt% SiO 2 ) from the thick ash-flow sequences on the margins of the Ceboruco-San Pedro volcanic field, as well as two basalts and three andesites. The silicic ash flows span a wide geographic area, as denoted in Figure 3 , whereas the more mafic flows are east and south of Volcán Ceboruco. The geochemistry and petrogenesis of these older lavas will not be discussed further in this paper.
Basaltic Andesites
Eighteen basaltic andesite samples (52-58 wt% SiO 2 ; Table 1 Twelve of these samples are from dense volcanic bombs, with no visible signs of alteration, taken from cinder cones. The samples range from aphyric to containing Յ10% visible phenocrysts (plagioclase Ϯ olivine Ϯ augite) (Table 1) . Plagioclase is the most common phenocryst phase; Յ9 vol% consists of olivine microphenocrysts and phenocrysts. Augite phenocrysts are rare, but occur as microphenocrysts or groundmass phases in several samples (Table 1) . The groundmass phases are predominantly plagioclase ϩ augite ϩ titanomagnetite Ϯ olivine. One sample north of Volcán Ceboruco, IXT-7, contains hornblende laths, replaced by oxides.
Andesites
Andesites (58-64 wt% SiO 2 ; Table 1) are the most voluminous rock type in the CeborucoSan Pedro region. They comprise the bulk of Volcán Ceboruco, two cinder cones, several fissure-fed flows, and numerous hornblendebearing domes, all peripheral to Volcán Ceboruco. Nelson (1980) divided the Ceboruco andesites into two groups: precaldera and postcaldera. The precaldera lavas are enriched in CaO and MgO and depleted in Na 2 O, K 2 O, SiO 2 , and incompatible trace elements (e.g., La and Zr), relative to the postcaldera lavas. Andesites erupted from the main vent of Volcán Ceboruco display a mineral assemblage and texture typical of that often seen in large, andesitic stratovolcanoes. They are phenocrystrich (30-45 vol%) and contain plagioclase and two-pyroxene assemblages (Table 1 ; Fig.  4 ). The plagioclase phenocrysts range from euhedral pristine laths, to rounded, inclusionfilled cores surrounded by clear rims, to blocky laths with patchy glass-inclusion textures and no rims.
The peripheral andesite flows range from aphyric to those with Յ20 vol% phenocrysts, and they have a more variable phenocryst assemblage than those from the stratocone of Volcán Ceboruco: plagioclase Ϯ orthopyroxene Ϯ augite Ϯ hornblende (Table 1 ; Fig. 4) . The textures and character of the plagioclase phenocrysts in these samples appear to follow a continuum. In the most crystal-poor samples (i.e., COMP-4), the plagioclase phenocrysts are often clear with euhedral rims, although some contain a euhedral, inclusion-rich core (attributed to rapid crystal growth; e.g., Lofgren [1974] and Anderson [1984] ). Andesites with more abundant phenocrysts (i.e., COMP-23) display greater textural diversity and a range of sizes among the plagioclase phenocrysts. These samples look similar to the twopyroxene andesites from the main edifice, but contain hornblende. The hornblende often occurs as opaque diamond-shaped crystals (''ghosts'') replaced by opaque oxides. The dome samples contain plagioclase Ϯ hornblende Ϯ orthopyroxene (Յ10 vol%), usually present as small, euhedral crystals. In several samples, the hornblende core has not been completely altered, but is surrounded by a thick opacitic rim.
Dacites
The dacites (64-70 wt% SiO 2 ; Table 1) consist of postcaldera flows and pyroclastic deposits from Volcán Ceboruco, as well as 12 lava domes and associated flows that erupted west of Volcán Ceboruco. San Pedro is the largest of these domes and has an elevation of 2000 m. The Volcán Ceboruco dacites include the Jala pumice and Marquesado pyroclastic deposits from the Plinian eruption ϳ1000 yr ago, the Cerro Pedregoso dome (IXT-31), the Distiledero lava flow, the Dos Equis dome, the Copales flow (IXT-4 and IXT-33), and the 1870 dacite (IXT-36), all previously described and mapped by Nelson (1980) (Fig. 3) . The peripheral lava domes not associated with Volcán Ceboruco have 1-12 vol% phenocrysts, which are dominantly plagioclase (Table 1). Most of the domes contain phenocrysts of hornblende or, more commonly, skeletal hornblende replaced by oxides. Orthopyroxene occurs as small, euhedral phenocrysts or as a groundmass phase in six of the dome samples. The hornblende and orthopyroxene phenocrysts are present in roughly equal proportions. Two of the dacites have biotite phenocrysts, and the most siliceous of these has 
3.9 -0.7 0.9 2.8 1.6 1.8 0.6 1.5 1.4 0.4 York (1978, 1984) and later revisited by Lanphere (2000) . Several studies detailing magnetic reversals (i.e., Hall and York, 1978; Baksi et al., 1991; Singer and Pringle, 1996) and eruptive sequences of historic flows (i.e., Renne et al., 1997) Notes: Major elements analyzed by ICP at Activation Laboratories of Ancaster, Ontario. Trace elements analyzed by ICP-MS at Activation Laboratories of Ancaster, Ontario. Modal analyses are based on a minimum of 1500 points counted for each sample. Phenocrysts (ph) are defined as Ͼ0.3 mm and microphenocrysts (mph) as Ͼ0.03 mm; gmass is the percentage of groundmass. C denotes a COMP sample number, and I denotes an IXT sample number. Samples with L0I values Ͼ1% were classified on the basis of renormalized silica content.
least Ϯ50 k.y. Our primary goal was to identify and date all lavas erupted within the past 1 m.y., so that their individual and combined volumes could be evaluated.
Methods
Forty samples from lava cones, domes, and flows in the Ceboruco-San Pedro volcanic field were selected for 40 Ar/ 39 Ar dating, on the basis of geographic location and sample freshness, as determined by examination with a standard petrographic microscope. Owing to the lack of highly potassic minerals, clean groundmass separates were dated for the majority of the samples. A biotite separate was dated for one rhyolitic lava (COMP-7). The samples were prepared with a jaw crusher and then with ceramic mortar and pestle; 1-2 mm fragments of groundmass, free of large phenocrysts, were handpicked under a binocular microscope. The mineral separates were also handpicked. All samples were ultrasonically washed with deionized water. Each sample was weighed and packaged in pure Al foil and placed in evacuated quartz tubes, along with the neutron-fluence monitor, Fish Canyon Tuff biotite split-3 (FCT-3). These samples were irradiated at the Phoenix-Ford Memorial Reactor at the University of Michigan for 6 h. The K-Ar age for the FCT-3 biotite standard is based on an error-weighted mean of five analyses of 27.99 Ϯ 0.04 Ma (2), relative to an age of 520.4 for MMhb-1 (Hall and Farrell, 1995; Samson and Alexander, 1987) . This value is within error of the age (27.95 Ϯ 0.09) reported by Renne et al. (1998) , as well as the average age (27.95 Ma) reported by Baksi et al. (1996) . The neutron flux measure J was monitored as a function of position within the irradiation package by using FCT-3, and J was interpolated at sample locations for the purposes of calculating sample ages.
Each sample consisted of five grains (total mass of 5-30 mg) loaded into 2-mm-diameter wells in a copper disk. In order to remove undesirably large quantities of atmospheric argon, samples were baked at 150-200 ЊC overnight. Gas cleanup was achieved with a liquid N 2 cold finger and two SAES 10 liters per second getters (alloy ST-101). Following bakeout, samples were incrementally heated for 30 s heating steps until complete fusion was achieved (ϳ13 steps for groundmass), by using a Coherent Innova 5 W continuous argon-ion laser. All analyses were corrected for fusion-system blanks, run after every five steps of each analysis. The blank levels were ϳ3 ϫ 10 -18 , ϳ3 ϫ 10 -18 , ϳ2 ϫ 10 Ar) Cl ϭ 2.02 ϫ 10 -6 per day. Mass discrimination was monitored daily by using an on-line atmospheric Ar gas pipette with a precision in the 40 Ar/ 36 Ar ratio of 0.3%-0.5%.
Data Analysis
A complete analytical data set, with age spectra, inverse isochron diagrams, and volumes of gas released from each sample, is available 1 (see Fig. DR1 and Table DR1 ). A summary of this information is included in Table 2. Of the 40 samples, 14 do not yield a plateau and are reported in Table 3 . For each sample, the error analysis incorporates uncertainties in the peak signals, system blanks, spectrometer mass discrimination, reactor corrections, and J values. For plateau and isochron ages, the criteria used to determine whether an experiment yielded a geologically significant age are as follows: (1) Plateau spectra yield Ͼ50% of the 39 Ar released in three or more contiguous steps. (2) Plateau spectra pass a null hypothesis test; for an experiment with 13 incremental heating steps, an upper MSWD (mean square of weighted deviates) limit of 1.8 is used. (3) Plateau and isochron ages are concordant at the 95% confidence level. (4) The 40 Ar/ 36 Ar intercept on the isochron diagram does not differ from the atmospheric value of 295.5 at the 95% confidence level. The total errors reported for the plateau ages were derived by standard weighting of errors for individual steps according to variance (Taylor, 1982) ; thus more precisely determined release fractions are given greater weight in the analysis.
The total gas age, the correlation ages (derived from all steps and from plateau steps, following Heizler et al., 1999) , and the plateau ages for samples that yield a plateau are displayed in Table 2 . Of these 26 samples, 5 do 1 GSA Data Repository item 2004042, Figure  DR1 and Table DR1 , complete degassing history, Ar spectra, and discussion of all dated samples, is available on the Web at http://www.geosociety.org/ pubs/ft2004.htm. Requests may also be sent to editing@geosociety.org. Figure DR1 and Table DR1 (see footnote 1 in text) present the age spectra and isochron diagrams and complete analytical data set of step-heating and volumes of Ar isotopes released. ‡
Steps indicate the number of analyses used in the regression. Notes: All errors are reported as 1. These samples did not yield plateau ages and should be considered as the equivalent of a total fusion or K-Ar age and used with caution.
*Preferred age for each sample. † Figure DR1 and Table DR1 (see footnote 1 in text) present age spectra and isochron diagrams and complete analytical data set of step-heating and volumes of Ar isotopes released. ‡ Number of heating steps used to calculate correlation age. not meet all of the criteria listed above. Three samples (IXT-14, IXT-5, COMP-6) have an MSWD above 1.8 for the plateau and/or isochron ages, and two samples have plateau and isochron ages that are not concordant at the 95% confidence level. However, in these two cases (COMP-3, IXT-26), the discrepancy between the plateau and isochron ages is Ͻ20 k.y.
Fourteen samples do not yield a plateau and are shown in Table 3 . For 7 of these 14 samples, their youthfulness (younger than 100 ka on the basis of stratigraphic relationships and morphology) contributed to the difficulty in obtaining a high-quality date. In many cases, the Ar release spectra may contain ''stairstep'' patterns or other indications of xenocrystic contamination or alteration of the sample. The quality of the dates in Table 3 can be considered analogous to those obtained by the K-Ar method, but more information is available because of the incremental-heating spectra obtained. In most cases, the preferred age is the isochron age. These ages should be used with caution, as there is evidence, based on the gas release spectra, that the samples were disturbed. However, given the context of this study, which is an evaluation of the total volume of magma erupted over the past 1 m.y., these samples provide useful age constraints. Despite possible alteration or xenocrystic contamination, the ''ages'' recorded by these samples are clearly younger than 1 Ma and thus must be included in our data set. The dates presented in Table 3 are from lavas that total 5.0 km 3 or ϳ6% of the entire volume of magma erupted in the Ceboruco-San Pedro volcanic field over the past 1 m.y.
Errors
The magnitude of the errors documented in this study is comparable to those for the (Ferrari et al., 2000) . Significance of errors not given. § K-Ar ages from Kyoto University of Japan (Petrone et al., 2001 ). Errors reported as 1.
K-Ar ages reported in similar time-volumecomposition studies in the northern Cascades (Hildreth et al., 2003; Hildreth and Lanphere, 1994) and the Chilean Andes (Singer et al., 1997 Ar loss owing to low-temperature alteration. In the age spectra, this phenomenon is manifested as low apparent ages for the lowest-temperature gas-release fractions, and because these fractions are typically those that yield the highest concentrations of 36 Ar, there is a natural tendency for the first few points to tilt an isochron line to 40 Ar/ 36 Ar values below 295.5. If these few fractions of gas release are not included in the isochron diagrams (i.e., those based on plateau points in Table 2 ), all of the samples in Table 2 , and all but one of the samples in Table 3, record an 40 Ar/ 36 Ar intercept within 2 of 295.5.
Three of the samples in our data set (Table  3 ) yielded preferred ages that are negative, but positive within 2 error. Although one might be tempted to ignore such values or set them to zero, either procedure has the unwanted effect of biasing the age estimate derived from multiple analyses to erroneously high values. For example, if we were to date a lava erupted yesterday (zero age), there is a 50% chance that the measured age would be negative and a 50% chance the measured age would be positive. If we dated the sample tens or hundreds of times, the mean age would be zero. If one were to omit or to zero-out the negative ages, the mean would no longer be zero. Therefore, when we measure negative apparent ages, which result from the subtraction of initial 40 Ar from total 40 Ar and which are within 2 error of a positive eruption age, we report the apparent age as measured.
Accuracy
The accuracy of the (Table 4 ) and are discussed in detail below. Our dates are thus consistent with all published K-Ar and Ar-Ar dates, with the exception of several K-Ar ages obtained by Instituto Mexicano del Petroleo and reported by Ferrari et al. (2000) . No details of the K-Ar dating method were presented in Ferrari et al. (2000) , and so the cause for the discrepancy cannot be evaluated.
Results
A chronological summary of all volcanic features younger than 1 Ma is presented in Table 2 ; complete analytical information and degassing history are available (see footnote 1). The ages of each sample are also displayed on the geologic map of the Ceboruco-San Pedro volcanic field (Fig. 5) . The total gas and plateau age spectra of three representative samples from the volcanic field are shown in Figure 6 .
Volcán Ceboruco is a historically active volcano, with eight geochemically distinct lava flows postdating the Plinian eruption at 1 ka (Nelson, 1980) . The remainder of the main edifice is composed of precaldera andesites. IXT-15 is an andesitic dike that crosscuts all of the exposed outer caldera flows in the precaldera cone and is thus the youngest feature in the precaldera edifice. The age of this sample is 45 Ϯ 8 ka (Fig. 6) , which provides good constraints on the last pre-Plinian eruptive activity. A second sample from the lowermost flow in the caldera wall, IXT-14, yielded a plateau age of 43 Ϯ 18 ka.
The ages of 11 cinder cones that follow a major northwest-southeast lineament, along which Volcán Ceboruco sits, range from slightly negative to 403 Ϯ 33 ka; the majority are younger than 50 ka. Thus, the cinder cones are broadly contemporaneous with the main edifice of Volcán Ceboruco. The two lava domes along this lineament also fall within this age range, at 63 Ϯ 7 ka (IXT-26) and 111 Ϯ 22 ka (IXT-66).
San Pedro, the large dacitic dome that lies west of Volcán Ceboruco, is also a young volcanic feature; lava samples taken from two different locations yield dates of 27 Ϯ 7 ka (COMP-6) and 55 Ϯ 8 ka (COMP-21), for a mean age of 41 Ϯ 20 ka. These dates are significantly younger than the groundmass K-Ar ages of 850 Ϯ 190 and 790 Ϯ 160 ka reported by Ferrari et al. (2000) . 40 Ar/
39
Ar dates obtained on the voluminous basaltic andesite Amado Nervo flows of 220 Ϯ 15 ka (COMP-5) and 215 Ϯ 26 ka (COMP-20), for a mean age of 218 Ϯ 15 ka, are also younger than the whole-rock K-Ar age of 1.10 Ϯ 0.30 Ma reported by Ferrari et al. (2000) .
The majority of all andesite and dacite lavas peripheral to Volcán Ceboruco and San Pedro were erupted in the western part of the volcanic field (Fig. 2) within a fairly narrow time M interval (742 to 403 ka). An andesite from a small cluster of vents (COMP-39) was dated at 819 Ϯ 25 ka. Again, these dates are younger than those published by Ferrari et al. (2000) , which range from 1.40 to 1.00 Ma.
Ages for the rhyolite at Cerro Lobos (601 Ϯ 6 ka; COMP-2), as well as for the basaltic andesite at Volcán Tezontle (273 Ϯ 136 ka; COMP-9) and an older basaltic andesite flow just south of Ixtlan (521 Ϯ 15 ka; IXT-44), are consistent with the K-Ar dates obtained at Kyoto University (Japan) by Petrone et al. (2001) , 610 Ϯ 210 ka, 190 Ϯ 30 ka, and 510 Ϯ 50 ka, respectively. The age determined in this study for the Los Ocotes rhyolite (117 Ϯ 10 ka) is comparable to the K-Ar date (100 Ϯ 10 ka) reported by Ferrari et al. (2000) .
Stratigraphic Relationships
The 40 Ar/
39
Ar geochronology is supported in all cases where a stratigraphic relationship is observed in the field. We have documented six cases. (1) The age of IXT-27 (12 Ϯ 11 ka), a basaltic andesite cinder cone, is consistent with the presence of a thick layer of Jala pumice (1 ka) on top of this cinder cone, and the occurrence of cinder layers from IXT-27 on top of IXT-26 (63 Ϯ 7 ka), an adjacent rhyolitic dome. (2) Block and ash deposits from San Pedro (mean age of 41 Ϯ 20 ka) are found on top of the shield volcano Amado Nervo (mean age of 218 Ϯ 15 ka). (3) A lobe of lava from the Amado Nervo shield volcano (mean age of 218 Ϯ 15 ka) flows around a preexisting dacite dome (sample COMP-24; 601 Ϯ 63 ka). (4) IXT-32 is a rhyolitic dome that sits on the flanks of the precaldera edifice of Volcán Ceboruco (dated at 45 Ϯ 8 ka). Thus, IXT-32 is younger than ca. 45 ka, which is consistent with its zero age of Ϫ14 Ϯ 7 ka. (5) IXT-66 (111 Ϯ 22 ka) was previously mapped as Miocene ash flow, but is a dacitic dome surrounded by younger flows of basaltic andesite (e.g., IXT-1, 66 Ϯ 62 ka, from cinder cone IXT-47, 57 Ϯ 50 ka). (6) Cerro Los Ocotes (COMP-7; 117 Ϯ 10 ka) is emplaced on the southern flank of Volcán Tepetiltic, previously dated at 480 Ϯ 20 ka (Petrone et al., 2001 ).
Samples Older than 1 Ma
Several older volcanic samples were dated from the Ceboruco-San Pedro volcanic field, in addition to the Quaternary flows, to better constrain the regional volcanic history. Two basaltic samples were dated at 3.83 Ϯ 0.05 Ma and 3.84 Ϯ 0.11 Ma. The most felsic samples in the region are rhyolites and voluminous ash flows, which give ages between 4.2 and 5.0 Ma. Two significantly older rhyolitic ash flows were also dated at 25 and 58 Ma. They are located south and west of the Amado Nervo shield volcano, respectively (Fig. 5) . These results and their regional significance are not further discussed in this paper.
VOLUMES OF FLOWS AND DEPOSITS

Methods
The total volume of magma erupted at the Ceboruco-San Pedro volcanic field within the past 1 m.y. was obtained by geologic field mapping, combined with GIS techniques for analyzing digital elevation models and orthophoto (Table 5 ). This time interval was chosen so the study could encompass multiple conebuilding events (lasting on the order of tens of thousands of years; Hildreth and Lanphere, 1994) . Studies on longer time scales (Ͼ1 m.y.) are problematic because complicating factors such as erosion and burial of deposits increase over time.
Previous computations of eruptive volumes in the literature are based on topographic maps and geometric simplification of features. For example, Hasenaka and Carmichael (1985) estimated an error of 20% for calculations of the volume of conical features based on a comparison of a conical model and the actual volcano profile. Errors can exceed 100% depending on the actual slope or topography onto which the lava was erupted. Use of a mean base level (average of highest and lowest basal elevation of the feature) is a good first approximation, but fails to account for any preexisting topography in the region or a sloping baseline. For small-volume features such as cinder cones, using a mean flat base level results in a calculation of two to three times greater volume than when using a threedimensional base level or sloping surface. However, given that these features represent a small fraction of all magma erupted, the choice of a flat base level does not affect overall proportions of magma type. Defining the base level for features that have a large areal extent, such as stratocones or lava flows, is more problematic because a minor change in the base level has a large effect on the overall volume. Depending upon the baseline chosen, the volume calculated for a stratocone like Volcán Ceboruco can vary by more than 50% or 25 km 3 . In order to better systematically assess the margins, subsurfaces, and volumes of volcanic features, we used a combination of DEMs, orthophoto, and topographic maps in conjunction with detailed field mapping. The DEMs are at a scale of 1:50,000, which corresponds to a lateral resolution of 50 m and a vertical resolution of 2 m, and utilize a Universal Transverse Mercator (UTM) projection and the Geodetic Reference System 80 (GRS 80) geodetic model. The orthophoto are at scale of 1:20,000 and have a resolution of 2 m/pixel. Because the DEMs utilize the same projection as the orthophoto, they can be superimposed, allowing one to locate points in x, y, z space on the orthophoto.
By using both geologic field maps and topography as guides, the outlines of individual lavas flows, cones, and domes were digitized on the orthophoto (e.g., Fig. 2 ) with ArcView 3.2 GIS. The high resolution (2 m/pixel) and high contrast of the orthophoto allow more accurate delineation of flow margins than could be obtained by solely using a 1:50,000 topographic map with 20 m contour intervals. The DEMs were used to create a threedimensional surface-a triangulated irregular network (TIN)-to represent each digitized volcanic feature of interest. A TIN algorithm (Peuker et al., 1978) uses a set of adjacent nonoverlapping triangles to define a surface with vertices denoted by x and y coordinates and z vertical elevations. The triangles are equiangular, and each vertex or node is derived from the DEM. The smoothness of the TIN (and how well it represents the surface of interest) is controlled by the number of nodes used in its creation. The larger the number of nodes, the more triangles are used, and thus a smoother and more realistic surface is obtained. GIS techniques similar to those described here have been used to model topography and reconstruct Quaternary landscapes (Leverington et al., 2002) .
Volume is calculated from a linear interpolation of the TIN surface and the base elevation, which may be sloping or contain preexisting topography. By using field relationships and present topography as a guide, a preeruptive topography was reconstructed. If flows or cones are isolated, a threedimensional base level was created from the elevations of the outline of the flow, and a continuous slope was assumed between nodes. This surface or sub-TIN is the best estimation of the preeruptive topography. However, if flows are clearly overlapping or filling in de-MAGMA ERUPTION RATES, CEBORUCO-SAN PEDRO VOLCANIC FIELD, WESTERN MEXICO pressions, a sub-TIN does not best represent the preeruptive topography. A sloping surface whose points are derived from a detailed analysis of the surrounding topography is a better alternative. In order to determine the most realistic base level, each flow and cone were assessed individually.
By using the aerial photographs and DEMs, the topologies of the volcanic features were recreated with high precision. The resolution of 2 m/pixel on the orthophoto makes delineation of present-day flow margins unequivocal. Our methods also address the inherent uncertainty in defining preexisting topography and sloping base levels, which exert the greatest control on volume calculations. Our reported volumes of individual flows and cones (Table 5 ) take into account the presence of three-dimensional and/or sloping subsurfaces beneath each edifice; the estimated errors are Ͻ10%. The error estimates are based on maximum and minimum outlines of flow margins and possible base levels, as discussed more fully below.
Results
Volcán Ceboruco
The precaldera volume of Volcán Ceboruco was estimated by Nelson (1980) to be 60 km 3 ; the volumes of postcaldera andesite and dacite flows total ϳ7 km 3 . These estimates do not include the material ejected and lost during the caldera-forming eruption at 1 ka. On the basis of the dimensions of the caldera (3.7 km diameter) and geometric approximations, Nelson (1980) estimated that the collapse volume was 3.4 km 3 . Gardner and Tait's (2000) detailed tephra study approximated that the Marquesado ash flow and Jala pumice formed during this eruption have a volume equivalent to 3-4 km 3 of magma. The total volume of these deposits roughly corresponds to the collapse volume estimated by Nelson (1980) , suggesting that the magma chamber never became underpressurized by extrusion of additional magma (Gardner and Tait, 2000) .
The GIS data in conjunction with the use of a sloping base level indicate that the total combined volume of the main edifice and postcaldera flows of Volcán Ceboruco is ϳ47 km 3 , which is ϳ13 km 3 less than that estimated by Nelson (1980) . The primary cause of this difference is the treatment of the baseline beneath the stratocone. The only way to reproduce the Nelson (1980) estimate of ϳ60 km 3 is to use a truncated-cone approximation and mean flat base level, which results in a volume of 62 km 3 . However, an analysis of the topography surrounding Volcán Ceboruco reveals that the stratocone erupted onto a flat, sloping surface, with an elevation difference of more than 300 m. Data from one of the deep C.F.E. geothermal wells drilled on the southeast flank of Volcán Ceboruco (CB1; Fig. 5 ) further supports the assumption of a flat, sloping surface beneath the stratocone. Most of the drill core is unfortunately unavailable and poorly dated. The first 200 m is andesite, which overlies rhyolite. The thickness of the andesite is within 20 m of the thickness estimated by using a sloping base level. This base level was not affected by the Plinian eruption, as the maximum thickness of the pyroclastic and ash deposits from the Plinian eruption is 700 cm (Gardner and Tait, 2000) and therefore insignificant relative to the overall sloping topography.
Andesite flows comprise ϳ90% of the 47 km 3 of Volcán Ceboruco, whereas the remaining 10% (4.4 km 3 ), including the historic 1870 flow, is dacitic in composition. On the basis of Nelson's (1980) field mapping and this GIS study, the postcaldera andesites have a volume of ϳ5.15 km 3 , and the postcaldera dacites have a volume of ϳ4.35 km 3 . Thus, in the 1000 yr since the Plinian eruption, nine eruptions produced ϳ9.5 km 3 of lava from Volcán Ceboruco. If the magmatic volume (3-4 km 3 ) of the Plinian deposit is included, the total volume of magma erupted from Volcán Ceboruco is ϳ51 Ϯ 2.5 km 3 . Of this volume, ϳ38 km 3 composes the precaldera edifice, erupted prior to the Plinian eruption, whereas the remaining 13 km 3 all erupted in the past 1 k.y.
Peripheral Volcanism
The shapes of the 16 monogenetic cinder cones are fairly symmetric; their basal areas range from 0.22 to 1.80 km 2 and average 0.76 km 2 . The heights of the cones vary from 40 to 350 m and average 180 m. Volumes of individual cones range from 0.004 to 0.299 km 3 , for a total of 0.88 km 3 . This volume is only a small fraction of the total amount of magma erupted at the Ceboruco-San Pedro volcanic field.
Twenty andesitic to dacitic (58.4-69.6 wt% SiO 2 ) lava domes erupted peripherally and to the west of Volcán Ceboruco. The domes have a more irregular and variable shape than the cinder cones and tend to be broad, flat-topped features or tight clusters of multiple vents. The average volume for a single dome or group of domes is 0.4 km 3 . Collectively, the domes account for a volume of ϳ14 km 3 . San Pedro is the largest dacitic dome and has a volume of ϳ4.5 km 3 . In addition to cinder cones and lava domes, several basaltic andesite lava flows were studied. The low-viscosity flows range from 3 to 15 m in thickness and collectively have an areal extent up to tens of square kilometers. The most voluminous flows compose the shield volcano Amado Nervo; they cover an area of 97 km 2 and have a volume of ϳ8.6 km 3 .
Errors
The total volume of magma erupted in the Ceboruco-San Pedro volcanic field in the past 1 m.y. is 80.5 km 3 ; the propagated error on this value is Ͻ10%. The greatest source of error when using the GIS techniques described above is incurred for overlapping lava flows. In the Ceboruco-San Pedro volcanic field, this potential problem is only relevant for the main stratocone, as the peripheral cones, domes, and flows tend to be monogenetic and isolated. Therefore, the largest source of error in determining volume proportions is differentiating the andesite and dacite flows of Volcán Ceboruco.
Another possible source of error is the degradation and removal of volcanic material via erosion over the past 1 m.y. Field observations, DEMs, and aerial photographs enable us to evaluate and roughly quantify the effects of erosion on volcanic features. This is not a trivial issue, as demonstrated by a detailed geochronology study of the Tatara-San Pedro complex in the Chilean Andes, in which it was suggested that glaciation could have eroded 50%-95% of the eruptive products of the past 1 m.y. (Singer et al., 1997) . Although glaciation is not a problem in the Ceboruco-San Pedro volcanic field, owing to fairly low elevations (Ͻ2200 m) and relatively low latitudes (21ЊN), even the youngest features in the Ceboruco-San Pedro volcanic field show some evidence of erosion. The cinder cones, most of which are younger than 100 ka, range from having steep, smooth flanks and little vegetation to being dissected by small gullies and rills and having immature vegetation. The Ceboruco-San Pedro cinder cones are classified as stage 5 (youngest) to stage 3 (moderate) according to Colton's (1967) scheme of the cinder-cone degradation. Not surprisingly, morphometric studies of cinder-cone degradation show that cone heights, height/basal diameter ratios, and flank slopes decrease with cinder-cone age. However, crater diameter/ basal diameter ratios appear independent of degradation (and composition), suggesting that erosion removes the top of the cone and mass-wasting processes deposit material at the base of the cinder cone (Wood, 1980) . So, although the shapes of cinder cones may change with time, their volumes are conserved to a first-order approximation.
It is not unreasonable to extrapolate this principle to the other volcanic features such as the lava flows and domes. If there is not a suitable transport mechanism (i.e., rivers), any material lost via erosion from the upper flanks of a volcanic feature will be deposited at its base. However, for the stratocone of Volcán Ceboruco, the incised gullies emanating from the top of the outer flanks suggest water-borne transport in ephemeral streams following large rainfalls over tens of thousands of years. Field observations and the DEMs indicate that the gullies have a maximum depth of 200 m and widths of 100-300 m. The dimensions of the gullies change with increasing distance from the summit, becoming less deeply incised. The maximum cross-sectional area of an individual gully is 4000 m 2 . Thus, if the gully extended for 1 km, the corresponding volume is 0.004 km 3 . Given the amount of material in question, any material lost to erosion is trivial compared to the overall volume of Volcán Ceboruco.
DISCUSSION
Magmas Erupted Since 1 Ma
The relative proportions of magma types erupted in the Ceboruco-San Pedro volcanic field over the last 1 Ma (ϳ18%-19% basaltic andesite, ϳ56%-60% andesite, ϳ18%-22% dacite, and ϳ3% rhyolite) demonstrate the dominance of intermediate-composition (in terms of silica content) magma types. The preponderance of intermediate compositions is owing in large part to the volumetric dominance of Volcán Ceboruco, which accounts for 89% of the andesite and 51% of the dacite by volume. A graphical representation of the relative abundance of magma types and periodicity of individual eruptions further demonstrates the youthfulness of the volcanic field and volumetric dominance of Volcán Ceboruco (Fig. 7) .
A plot of the cumulative volumes shows the evolution of the volcanic field and the total volume of each magma type erupted at any given time over the past 1 m.y. (Fig. 8) . On the basis of the results of this study, there was no volcanism between 3.8 and 0.8 Ma in the Ceboruco region. This apparent age gap coincides with the absence of convergence of the Rivera plate from 2.6 to 1.0 Ma, whereupon normal convergence resumed at a rate of 3.2 cm/yr (DeMets and Traylen, 2000) . Given this rate, the slab could have subducted ϳ6.4 km along its trajectory in the 200 k.y. window between the recommencement of subduction and the start of volcanic activity. This slab movement would have induced additional dehydration reactions and fluid release from the subducting oceanic crust. U-series studies (e.g., Turner et al., 2000) suggest that fluid release from the subducting slab occurs on time scales from less than 1 k.y. to a few hundred thousand years before eruption. Thus, it is plausible that the initiation of volcanic activity at ca. 0.8 Ma in the Ceboruco-San Pedro volcanic field is related to the resumption of the Rivera plate subduction at 1 Ma.
There appears to have been a period of continuous, relatively low-volume eruptions of intermediate-composition magma from ca. 820 to ca. 300 ka. From 820 ka to ca. 520 ka, basaltic andesite and andesite erupted. In the next hundred thousand years, small amounts of dacite, in the form of lava domes, erupted. Following the eruption of the basaltic andesite flows of the Amado Nervo volcano between 300 and 200 k.y. ago, there was a period of relative quiescence. The most recent and voluminous (ϳ75% of the total) activity, including the eruptions of Volcán Ceboruco, San Pedro, and most of the cinder cones, occurred in the past 100 k.y. Volcanic products during this MAGMA ERUPTION RATES, CEBORUCO-SAN PEDRO VOLCANIC FIELD, WESTERN MEXICO Figure 9 . The age (and 2 error) for each sample younger than 1 Ma is plotted against SiO 2 ; there is no apparent correlation between age and silica content.
time period span a broad range of silica contents, from a cinder cone with 51.8 wt% SiO 2 (IXT-37) to the Cerro Pedregoso rhyolitic dome (IXT-32) on the flanks of Volcán Ceboruco with 74.9 wt% SiO 2 . On the basis of silica content, there is no systematic progression to the magma composition (e.g., basalt, andesite, dacite, etc.) erupted over time (Fig.  9 ).
Eruption Rates
By combining the high-precision 40 Ar/ 39 Ar dates and volume estimates in a given area, eruption rates or lava-accumulation rates can be determined over a variety of time scales. Given that ϳ80.5 km 3 of magma erupted over an area of 1600 km 2 in the past 0.8 m.y., the rate of eruption is calculated to be 63 m 3 /km 2 per year. This eruption rate is equivalent to a lava-accumulation rate of 63 m/m.y. or 6.3 cm/k.y. Because 75% of the magma erupted in the past 100 k.y., the eruption rate increases to ϳ377 m 3 /km 2 per year (lava-accumulation rate of 38 cm/k.y.) in the past 100 k.y.
Volcán Ceboruco
With the aid of detailed 40 Ar/
39
Ar geochronology, eruption rates can be calculated over smaller increments of time (i.e., thousands of years), such as the durations of the cone-building events at stratocones. The andesites and dacites of Volcán Ceboruco account for 63% of all the magma erupted in the Ceboruco-San Pedro volcanic field in the past 1 m.y. At Volcán Ceboruco, the date of 45 Ϯ 8 ka for the dike cutting the caldera wall is the youngest date so far determined for rocks of the precaldera edifice (38 km 3 ). After a hiatus of ϳ44 Ϯ 8 k.y., a Plinian eruption of 3-4 km 3 of dacite occurred. This hiatus explains the incised gullies emanating from the summit of Volcán Ceboruco, which could not have developed in the past 1 k.y., but required tens of thousands of years. After the Plinian eruption, ϳ9.5 km 3 of lava erupted effusively over the past 1 k.y. If an eruption rate of 9.5 km 3 /k.y. is applied to the precaldera edifice, the entire 38 km 3 could have erupted within 4 k.y. Nelson (1980) suggested that Volcán Ceboruco's entire volume could have been produced in 8800 yr.
Rapid cone-building eruption rates of 1-10 km 3 /k.y. have been determined at other stratocones comparable to Volcán Ceboruco. The historically active Volcán Colima, located in the Colima graben of the Trans-Mexican volcanic belt, has erupted ϳ10 km 3 in the past 4300 yr (Luhr and Prestegaard, 1988) . Thus, the youngest cone-building event at Volcán Colima reflects an eruption rate of ϳ1.2 km 3 / k.y. This rate is very well constrained, as the date was obtained on charcoal in the avalanche deposit that immediately predates the development of the active stratocone of Volcán Colima. Stratovolcanoes from other arcs display a similar range of eruption rates. In the Cascades of the northwestern United States, the eruption rates for three separate cone-building events at Mount Adams over the past 1 m.y. range from 1.6 to 5.0 km 3 /k.y. (Hildreth and Lanphere, 1994) . Mount St. Helens, located 50 km west of Mount Adams, has only been active for ϳ40 k.y.. If only the most recent eruptions of the past 4000 yr are considered (Mullineaux, 1986) , Mount St. Helens had an eruption rate of ϳ10 km 3 /k.y., comparable to that for Volcán Ceboruco in the past thousand years.
Peripheral Volcanism
Although the majority of the volcanic output at the Ceboruco-San Pedro volcanic field was erupted from Volcán Ceboruco, 37% of the eruptive products (ϳ30 km 3 ) were from peripheral vents not associated with this large stratovolcano. This background eruption of nonfocal lava is referred to as the ''background trickle,'' following the terminology of Hildreth and Lanphere (1994) . Most of the petrologic diversity observed in the Ceboruco-San Pedro volcanic field is found in the flows, domes, and cinder cones that contribute to the background trickle. The magmas that erupted peripherally to Volcán Ceboruco range from high-TiO 2 basaltic andesite (50%) to calc-alkaline andesite (18%), dacite (25%), and rhyolite (8%). The eruption rate of the background trickle surrounding Volcán Ceboruco is 0.04 km 3 /k.y. per square kilometer, whereas the lava-accumulation rate of the background trickle since 0.8 Ma is ϳ23 m/myr (or ϳ2 cm/ k.y.).
Comparison to Other Volcanic Fields
The detailed geochronology studies of the Mount Adams volcanic field (Hildreth and Lanphere, 1994) and of the Mount Baker volcanic field (Hildreth et al., 2003) in the Cascades provide the best comparison of the evolution of a stratocone and peripheral lavas in a volcanic arc setting. Like the Ceboruco-San Pedro volcanic field, these Cascadian volcanic fields are dominated by andesitic stratoconesMount Adams (Mount Adams volcanic field) and Mount Baker and Black Buttes (Mount Baker volcanic field). The area of the Ceboruco-San Pedro volcanic field is larger than the Mount Adams and Mount Baker volcanic fields (ϳ1600 km 2 vs. 1250 km 2 ), but the area is factored into the calculation of the lava-accumulation rate. The lava-accumulation rate of 63 Ϯ 6 m/m.y. for the CeborucoSan Pedro volcanic field is Ͻ25% of the lavaaccumulation rate of 268 Ϯ 71 m/m.y. for the Mount Adams volcanic field (Hildreth and Lanphere, 1994) and Ͻ65% of the rate of 99 Ϯ 34 m/m.y. inferred for the Mount Baker volcanic field over the past 1.3 m.y. (Hildreth et al., 2003) . The larger relative errors associated with the Mount Baker study are due to uncertainties in volume estimations as a result of the extensive glaciation that affected the area. If only the past 100 k.y. at the CeborucoSan Pedro volcanic field is considered, its eruption rate (ϳ377 m/m.y.) exceeds the eruption rates of the Mount Adams and the Mount Baker volcanic fields. Therefore, for meaningful comparisons of eruption rates between different volcanic fields, it is necessary to consider both the time scale and eruptive periodicity.
The background lava accumulation rate at the Ceboruco volcanic field is ϳ23 m/m.y., which is within error of the estimated 15-100 FREY et al. m/m.y. and 16-56 m/m.y. lava-accumulation rates for the background trickle of the Mount Adams and the Mount Baker volcanic fields, respectively. However, the vast majority of nonfocal volcanism at the Mount Adams volcanic field is basaltic; little intermediatecomposition magma has been erupted there (Hildreth and Lanphere, 1994) in contrast to both the Mount Baker (Hildreth et al., 2003) and the Ceboruco-San Pedro volcanic fields. The overall proportions of magma types erupted in the Ceboruco-San Pedro volcanic field contrast with the proportions reported for the Cascadian volcanic fields. At Ceboruco-San Pedro, 18%-19% basaltic andesite, 56%-60% andesite, 18%-22% dacite, and 3% rhyolite have erupted in the past 0.8 m.y. At Mount Adams, the eruptive products are composed of 9%-15% basalt, 84%-89% andesite, and ϳ2% dacite over the past 940 k.y. (Hildreth and Lanphere, 1994) . At Mount Baker, the volume is dominated by andesite (ϳ92%); roughly equal proportions of basalt (ϳ2%), dacite (ϳ4%), and rhyolite (ϳ3%) have also been erupted over the past 1 m.y. (Hildreth et al., 2003) , not including the 50-80 km 3 of rhyodacite erupted between 1.3 and 1 Ma. Although very little rhyolite has erupted in the three discussed volcanic fields in the past 1 m.y., adjacent volcanic fields in both arcs have significant amounts of Quaternary rhyolite.
It has been proposed that more evolved, SiO 2 -rich magmas erupt in volcanic arcs with thick continental crust for a variety of reasons, such as a greater opportunity for assimilation and/or differentiation (e.g., Leeman, 1983; Hildreth and Moorbath, 1988) . The crust is 40-45 km thick beneath the Mount Adams volcanic field (Mooney and Weaver, 1989 ), compared to 35-40 km thick beneath the Ceboruco-San Pedro volcanic field (UrrutiaFucugauchi and Flores-Ruiz, 1996) . The stratocones at both volcanic fields are dominantly andesitic, although there is also a significant volume of dacite at Volcán Ceboruco. In addition, the peripheral eruptive products are more evolved in the Ceboruco-San Pedro volcanic field than in the Mount Adams volcanic field. In fact, no magmas with Ͻ51.8 wt% SiO 2 have erupted at Volcán Ceboruco in the past 1 m.y. Although a comparison between only two volcanic fields (Mount Adams and Ceboruco-San Pedro) is limited, it is the only comparison possible owing to few quantitative estimates of erupted volumes combined with high-precision chronology. The conclusion thus far is that there does not appear to be a clear correlation between crustal thickness (difference of ϳ5 km) and the average silica content of the erupted magma.
Longevity of Upper-Crustal Chambers Beneath Central vs. Peripheral Vents
The detailed eruptive chronology of the Ceboruco-San Pedro volcanic field, combined with the observed phenocryst assemblages, allows conclusions to be drawn about the longevity of magma chambers in the upper crust. The high phenocryst content (mostly plagioclase) and potential disequilibrium textures (i.e., complex zoning of plagioclase phenocrysts and multiple populations of plagioclase phenocryst compositions) seen in the lavas from the main edifice of Volcán Ceboruco are suggestive of magma degassing, crystallization, and mingling in an upper-crustal chamber. The location of Volcán Ceboruco along a prominent northwest-southeast fracture zone suggests that the volcano overlies a major passageway for magmas ascending from the lower or middle crust. These magmas appear to have ponded in the upper crust to form a chamber, which may still be present and may have existed for at least the past 1000 yr. The 40 Ar/ 39 Ar date from IXT-15, the last eruptive phase of the pre-caldera cone, of 45 Ϯ 8 ka suggests that there was a hiatus in volcanic activity that may have lasted ϳ44 k.y.; it is thus plausible that no upper-crustal magma chamber (Ͼ50% melt) existed over this time period. This hiatus also marks a break in the composition of magmas erupted from Volcán Ceboruco. No dacite erupted focally from Volcán Ceboruco prior to the Plinian eruption at 1 ka. Subsequently, dacite, andesite (geochemically distinct from the precaldera andesites, Nelson, 1980) , and minor basalt have erupted.
The upper-crustal chamber is expected to be the site of mingling between different, ascending magma batches, which may or may not be related to one another by crystal fractionation. The phenocryst assemblages of the Volcán Ceboruco lavas (Table 1, Fig. 4 ) are broadly consistent with crystal growth at pressures of Յ125 MPa and temperatures of 950-1100 ЊC, according to the experimentally determined, water-saturated phase diagram of Moore and Carmichael (1998) . A batch of andesite magma with Ն2 wt% H 2 O would degas at this depth, leading to rapid crystallization, especially of plagioclase (Sisson and Grove, 1993; Cashman and Blundy, 2000; Moore and Carmichael, 1998 ). Thus, a complex history of crystallization and magma mingling of different magma batches-mostly andesite, some dacite, and occasionally basalt (as revealed by xenocrysts in the Jala pumice and Dos Equis and Copales dacite; Nelson, 1980 )-has clearly occurred within this upper-crustal chamber over the past 1000 k.y., as revealed by the textures of the postcaldera Volcán Ceboruco andesites and dacites.
In contrast, the peripheral andesitic lavas have a more variable phenocryst assemblage (i.e., they often contain hornblende) and far less abundant plagioclase phenocrysts. Their phenocryst assemblages (Table 1, Fig. 4 ) are stable to higher pressures (150-225 MPa), higher water concentrations (up to 5.5 wt%), and lower temperatures (925-975 ЊC) (Moore and Carmichael, 1998) . The lower calculated temperatures and lower phenocryst abundances of the peripheral andesites further argue for degassing, and not cooling, as the primary drive for crystallization of andesitic magmas in the upper crust. This conclusion is consistent with the nearly ubiquitous texture of plagioclase phenocrysts riddled with melt inclusions, which have been shown to result from large degrees of undercooling and rapid crystal growth (e.g., Lofgren, 1974; Anderson, 1984) . The lower phenocryst content in the peripheral lavas suggests that they ascended more rapidly through the upper crust and had less time for degassing and crystal growth. The general conclusion is that these peripheral lavas were fed by small batches of magma ascending through minor (less commonly traveled) fractures, which provided limited opportunity for magma accumulation in an upper-crustal chamber.
Magmatic Diversity and Differentiation Within the Ceboruco-San Pedro Volcanic Field
The diverse nature of the lavas erupted within the Ceboruco-San Pedro volcanic field allows a brief examination of how and where these magmas differentiated, especially in light of the ephemeral nature of upper-crustal chambers within the Ceboruco-San Pedro volcanic field. The geochemical diversity of the different lavas erupted over the past 0.8 m.y. is readily illustrated in plots of two incompatible elements-La (a large ion lithophile element) and Zr (a high field strength element)-as a function of silica concentration (Fig. 10) . The data presented in these two plots are divided into several groups: (1) precaldera Volcán Ceboruco, (2) postcaldera Volcán Ceboruco, (3) San Pedro, (4) Amado Nervo, (5) peripheral lavas younger than 100 ka, and (6) peripheral lavas erupted between 800 and 100 ka. The entire data set illustrates that a single crystal-fractionation trend from a single parental liquid cannot explain the observed La and Zr concentrations. To the contrary, the data set is better explained by numerous, geochemically distinct batches of magma (most of which are of small volume) that are derived from a variety of parental liquids. This diversity of sources is especially evident for the background trickle of peripheral lavas that erupted between 800 and 100 ka as small isolated flows and domes. Even the two samples from the relatively large (ϳ8.6 km 3 ) Amado Nervo shield volcano (ca. 300-200 ka), are inconsistent with a crystal-fractionation trend as the more silica-rich sample has the lower concentrations of the incompatible elements Zr and La.
When all lavas erupted since 100 ka are considered (ϳ75% of the volcanic field), however, a case can be made for limited trends of crystal fractionation. For example, the postcaldera andesites and dacites that erupted from Volcán Ceboruco since 1 ka fall along a trend of increasing La and Zr with increasing SiO 2 , which is consistent with a crystal-liquid differentiation relationship. However, the 1870 dacite is far too enriched in both La and Zr, and it cannot be included on this trend. The Jala pumice shows evidence of minor contamination by basalt, but such contamination cannot explain the elevated Zr concentration in the 1870 dacite relative to the Jala dacite.
Similarly, the precaldera andesites of Volcán Ceboruco are depleted in La and Zr relative to the postcaldera andesites, and a simple crystal-liquid differentiation relationship is insufficient to explain the difference. The nearby dacite dome of San Pedro is also distinctly different in its La and Zr concentrations relative to any of the dacites erupted from Volcán Ceboruco. Among the basaltic andesites, it is plausible that at least one of these may be representative of a parent to the Volcán Ceboruco andesites and dacites. However, the basaltic andesites as a group display a relatively wide range of Zr and La concentrations, and they cannot all be related to a single parent. Although simple crystal-liquid differentiation may explain a small subset of the data, the vast majority of the lavas were erupted from different batches of magma with distinct geochemical signatures. Similar conclusions were reached by Dungan et al. (2001) for the TataraSan Pedro volcanic complex in Chile, where there appears to be multiple and limited differentiation trends from several parental magmas.
It thus appears that numerous individual magma batches, often of small volume and geochemically distinct, erupted in the CeborucoSan Pedro volcanic field. There is no evidence based on the chronological succession, the relative proportion of lava types, the phenocryst assemblages, the textures, and/or the geochemistry of the lavas to support the idea that the eruptive products are the result of differentiation of a single parental liquid in an upper-crustal magma chamber. Instead, it appears that most magmas had already attained their bulk composition and distinct geochemical signature prior to their emplacement in the upper crust.
This detailed chronological study-in addition to the studies of Hildreth and Lanphere (1994) and Hildreth et al. (2003) at the Mount Adams and Mount Baker volcanic fields, respectively, in the Cascade arc and those of Singer et al. (1997) and Dungan et al. (2001) at the Tatara-San Pedro volcanic complex in the Andean arc-strongly suggests that differentiation in large, initially homogeneous, long-lived chambers in the upper crust is not the best model to understand the evolution of arc magmas at subduction zones. Instead, most first-order differentiation processes likely occur within the lower crust, and magmatic heterogeneity on a relatively small scale (homogeneous batches are rarely Ͼ5 km 3 and commonly Ͻ1 km 3 ) is the rule rather than the exception at volcanic arcs. It is beyond the scope of this study to argue the relative merits of crystal fractionation, partial melting, assimilation, and other processes that undoubtedly occur within the lower, arc crust. However, whichever process is invoked to dominate in various petrogenetic models, it must be shown to be consistent with a persistent, background leakage to the upper crust of geochemically diverse, small-volume batches of magma (ranging from basalt and basaltic andesite through andesite and dacite), which is periodically punctuated (on a time scale of thousands of years) by voluminous bursts of magma, commonly of andesite to dacite composition. Hall, no. 3/4, Errors were made in Table 1 and Figure 3 caption. The corrected table and caption are following: Figure 3 . Orthographs (scale 1:2000, 2 m/pixel) with individual fl ow units from the central stratocone, Volcán Ceboruco (outlined in heavy black), superimposed (as defi ned by Nelson [1980] and refi ned by this study). Eleven of the cinder cones in the volcanic fi eld are also delineated along the northwest-southeast lineament, which also runs beneath Volcán Ceboruco and is consistent with regional faulting. Also note the elevated topography surrounding Volcán Ceboruco, which represents a thick sequence of silicic ash fl ows. ------------------opx mph  ------------------cpx 
Errata
